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he closely related homeobox genes prx-1 and prx-2 are expressed in lateral plate and limb bud mesoderm, but targeted
nactivation of these genes failed to demonstrate a limb phenotype. Here we report that mice carrying compound mutations
n prx-1 and prx-2 have severe limb deformities. In the forelimb autopod, pre- and postaxial polydactyly were found most
ommonly, but also syndactyly, oligodactyly, and abnormal digit placement affecting posterior elements were observed. In
he hindlimb, preaxial polydactyly with variable expressivity was seen in all cases. Extreme distal digit duplications were
een in both the fore- and hindlimbs. prx-1; prx-2 double-mutant mice also displayed extreme shortening and impaired
ossification of the hindlimb zeugopods. Integrity of the forelimb apical ectodermal ridge was abnormal as determined by
expression of FGF8 and BMP4. Expression of msx-1 and msx-2, markers for BMP signaling pathways, was absent in regions
of the posterior handplates, while expression of Shh and patched was unaffected. The mutant phenotypes were dosage
dependent, since prx-1 2/2; prx-2 1/2 mice also displayed severe limb abnormalities. These data suggest that prx-1 and
prx-2 cooperatively regulate handplate and hindlimb zeugopod morphogenesis through BMP-mediated signaling
pathways. © 1999 Academic PressKey Words: morphogenesis; limb development; gene targeting; paired homeobox.
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eINTRODUCTION
Skeletal organogenesis occurs as a result of multiple,
reciprocal inductive interactions between apposed tissues
(Erlbacher et al., 1995). Many of the molecular mechanisms
hich regulate the inductive events required for normal
keletal patterning and morphogenesis have been eluci-
ated in the developing limb, which depends upon the
nteractions of three signaling centers (Johnson, 1997).
utgrowth of the limb along the proximal–distal axis
equires an inductive interaction between the apical ecto-m
p
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All rights of reproduction in any form reserved.ermal ridge (AER) and the underlying, mesodermal
rogress zone (PZ) (Summerbell et al., 1973). Implantation
f a bead soaked in FGF can rescue limbs from which the
ER has been removed, demonstrating that FGFs can
ediate AER functions during limb outgrowth (Crossley et
l., 1996; Fallon et al., 1994; Niswander et al., 1993).
Specification of the anteroposterior limb axis is depen-
ent upon a second signaling center located in the posterior
imb mesoderm, called the zone of polarizing activity
ZPA), while the dorsal–ventral limb axis is regulated by
ignals derived from the third signaling center, the dorsal
ctoderm (Johnson, 1997). Sonic hedgehog (Shh) mediates
ost ZPA functions in determining the limb anterior–
osterior axis (Riddle et al., 1993). Shh expression is main-
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146 Lu et al.tained by FGF4 and in turn maintains expression of FGF4 in
the AER (Laufer et al., 1994; Niswander et al., 1994). Thus,
there is a positive feedback loop between factors which
regulates the formation of the proximal–distal axis and the
anterior–posterior axis. The dorsal–ventral axis is also inte-
grated into this feedback loop since Wnt7a, expressed by
the dorsal ectoderm, maintains expression of Shh in the
ZPA (Parr and McMahon, 1995; Yang and Niswander,
1995). The coordinated interactions between these ana-
tomically distinct signaling centers are responsible for
coordinating limb development along all three axes.
While these mechanisms are important for laying down
the initial limb pattern, less is known about the mecha-
nisms regulating later morphogenesis of the limbs. A cen-
tral, unanswered question relates to how mesenchymal
condensation is regulated such that cartilaginous bodies
form in the correct place, with the correct shape, and in the
correct number. Members of the BMP family of growth
factors are hypothesized to play an important role in these
morphogenetic events (Hogan, 1996). Evidence supporting
this hypothesis comes from two mouse mutants, brachy-
podism and short ear (Kingsley, 1994b). Loss of function of
the BMP family member GDF 5 in the brachypodism
mouse resulted in specific loss of the medial phalanges of
the digits, as well as carpal bone defects (Storm et al., 1994;
Storm and Kingsley, 1996). A loss of function of BMP5 in
the short ear mouse, although not specifically affecting the
limb, also demonstrated loss of specific skeletal elements
providing further evidence that BMPs regulate the forma-
tion of specific components of the skeleton (Kingsley,
1994a,b). A targeted mutation in the BMP7 gene resulted in
hindlimb polydactyly supporting the idea that BMPs regu-
late digit placement (Dudley et al., 1995; Luo et al., 1995;
Hofmann et al., 1996).
Other experimental evidence comes from studies in
which overexpression of dominant negative BMP receptors
and overexpression of the BMP antagonist noggin have been
sed to downregulate BMP signaling pathways in the form-
ing limb (Yokouchi et al., 1996; Kawakami et al., 1996; Zou
and Niswander, 1996). The phenotypes observed in these
studies, as well as the phenotype of a mouse mutant for
noggin (Brunet et al., 1998), support the notion that BMPs
play an important role in the initiation of chondrogenesis,
regulation of joint formation, and control of apoptosis in the
developing limb.
We have been studying the function of the paired-related
homeobox gene prx-1 (previously referred to as Mhox)
during skeletal development (Martin et al., 1995). Expres-
sion studies of prx-1 demonstrated that it was primarily
expressed in undifferentiated mesenchyme contributing to
both the craniofacial and appendicular skeleton, suggesting
that prx-1 may play a role in regulating growth of skeletal
precursor cells in both the face and limbs (Cserjesi et al.,
1992; Kern et al., 1992). prx-1 is expressed in the lateral
mesoderm prior to limb bud formation, while at slightly
later stages of limb formation prx-1 is expressed throughout
the limb mesoderm, including the progress zone (Kuratani
e
b
Copyright © 1999 by Academic Press. All rightet al., 1994). As limb formation progresses, prx-1 expression
is excluded from the limb core where cellular differentia-
tion occurs (Cserjesi et al., 1992; Kern et al., 1992; Leussink
et al., 1995), but prx-1 expression is maintained within the
undifferentiated regions of the forming autopod (Cserjesi et
al., 1992; Kuratani et al., 1994). In later stage embryos, prx-1
is expressed in the undifferentiated cells of the perichon-
drium and periosteum (Cserjesi et al., 1992; Kuratani et al.,
1994). prx-1 is also widely expressed in the craniofacial
primordia, including the neural crest-derived ectomesen-
chyme of the proximal and distal first branchial arch and
the frontonasal process (Cserjesi et al., 1992; Kern et al.,
1992; Kuratani et al., 1994).
A loss-of-function mutation of prx-1 in mice resulted in
defective growth of skeletal precursors, supporting the
notion that prx-1 played a role in regulating the growth of
skeletal primordia (Martin et al., 1995). The most severe
defects were found in the skulls of prx1 mutant mice, while
the limbs revealed only a slight shortening of the zeugopods
(Martin et al., 1995). Thus, although prx-1 was highly
expressed in the developing limbs, only a subtle appendicu-
lar defect was observed, implying that another gene or genes
may perform similar functions as prx-1 during limb devel-
opment.
prx-2 (previously referred to as S8) is a closely related prx
family member which has a very similar expression pattern
to prx-1 (Leussink et al., 1995). These two genes encode
nearly identical homeodomains with only two conservative
amino acid changes between them (Cserjesi et al., 1992;
Kern et al., 1992). In contrast to prx-1 mutant mice which
demonstrated many severe craniofacial skeletal defects,
mice carrying a loss-of-function mutation in prx-2 had
normal skeletons (Kern et al., submitted). Based on these
observations, we hypothesized that prx-1 and prx-2 may be
functionally interchangeable during limb development. To
investigate this idea, we generated mice carrying mutant
alleles of both genes. Double-mutant mice demonstrated
severe morphogenetic defects of the autopods and zeugo-
pods not seen in either single mutant. Expression of BMP4
was downregulated in the AER of double-mutant forelimb
autopods, while expression of msx-1 and msx-2 was absent
from posterior regions of the handplate. The limb pheno-
types were sensitive to the dosage of prx genes, since prx-1
2/2; prx-2 1/2 mice also exhibited severe limb pheno-
types. These data suggest that prx-1 and prx-2 perform
redundant functions in limb morphogenesis by regulating
BMP-mediated signaling pathways.
MATERIALS AND METHODS
Genotyping of Progeny
To identify mice carrying the prx-1 and prx-2 mutations, South-
rn blots were performed on genomic DNA obtained from tail
iopsies of neonatal mice and from the yolk sacs of mouse
mbryos. To isolate genomic DNA, tissue was incubated in lysis
uffer (10 mM Tris, pH 8.0, 25 mM EDTA, pH 8.0, 100 mM NaCl,
s of reproduction in any form reserved.
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147Function of paired-Related Homeobox Genes during Limb Development1% SDS, 0.2 mg/ml proteinase K) at 55°C for 3 h, followed by
phenol–chloroform extraction and ethanol precipitation. Genomic
DNA was digested with the indicated restriction enzyme and
fractionated on a 0.7% agarose gel. Digested DNA was transferred
to Zeta-Probe GT membranes and hybridized with prx-1- or prx-2-
specific probes. Details of the prx-1 targeting strategy have been
described (Martin et al., 1995), and the prx-2 targeting strategy will
e published elsewhere (Kern et al., submitted). The prx-1; prx-2
ouble-mutant phenotype was analyzed on a 129/Sv 3 C57bl/6
ybrid background. All phenotypes were 100% penetrant unless
therwise stated in the text.
Skeletal Analysis
Neonatal mice were eviscerated and placed in water overnight.
Skeletons were immersed in a 65°C water bath for 1 min, skinned, and
fixed in 100% ethanol for 3 days, followed by Alcian blue stain [15 mg
Alcian blue 8Gx (Sigma), 80 ml 95% ethanol, 20 ml glacial acetic acid]
for 8–12 h. Skeletons were rinsed in 100% ethanol overnight and
cleared in 2% KOH for 6 h. Counterstaining for bone was performed
using Alizarin red (Sigma, 50 mg per liter of 2% KOH) for 3 h.
Skeletons were cleared in 2% KOH and stored in 100% glycerol.
Histology
Embryos and neonates were fixed in 4% paraformaldehyde
overnight and then dehydrated through graded alcohols and em-
bedded in paraffin. Paraffin blocks were sectioned at 7–10 mm and
stained with hematoxylin and eosin.
In Situ Hybridization
Whole-mount in situ hybridizations were performed as described
(Edmondson et al., 1994). Probes for FGF8 (Crossley et al., 1996;
ee et al., 1997), BMP4 (Winnier et al., 1995), Shh (Echelard et al.,
1993), msx-1 (Chen et al., 1996), msx-2 (MacKenzie et al., 1992),
sox9 (Zhao et al., 1997), and patched (Goodrich et al., 1996) have
been described previously. All experiments were performed at least
twice.
RESULTS
prx-1 and prx-2 Are Coexpressed in the
Developing Limb Bud and Craniofacial Structures
We performed whole-mount in situ hybridization to
confirm that prx-1 and prx-2 are coexpressed in the devel-
oping limb bud. At 10.5 days postcoitum (dpc), both genes
were expressed throughout the fore- and hindlimb meso-
derm with high levels of expression in the anterior and
posterior mesoderm, as well as in the subapical mesoderm
(Figs. 1A and 1B). High levels of expression were also seen in
the first and second branchial arches. Within the first
branchial arch, expression was detected in both the man-
dibular and maxillary processes and in the frontonasal
process (Figs. 1A and 1B). One day later, at 11.5 dpc, prx-1
and prx-2 expression was maintained in the anterior and
posterior mesoderm, but was excluded from the most distal
mesoderm and the core of differentiating cells within the
Copyright © 1999 by Academic Press. All rightlimb bud (Figs. 1C and 1D). prx-1 was expressed diffusely
throughout the handplate at 12.5 dpc and was excluded
from the condensing mesenchyme (Fig. 1F). prx-2 expres-
sion in the handplate was similar to that of prx-1; however,
it was less abundant and more restricted to the distal aspect
of the autopod (Fig. 1E).
Because prx-1 and prx-2 are coexpressed during limb devel-
opment, it is conceivable that they may regulate each other’s
expression. In situ analysis demonstrated that expression of
prx-2 in the prx-1 homozygous mutant mice was similar to
wild type (data not shown). Additionally, expression of prx-1
in the prx-2 homozygous mutant mice was detectable at
wild-type levels (data not shown). These data demonstrate
that prx-1 and prx-2 do not directly regulate each other’s
expression, but rather may function in parallel to regulate the
same genetic pathways. To test this idea, we generated mice
which were double mutant for prx-1 and prx-2.
prx-1; prx-2 Double Mutants Demonstrated a
Severe Autopod Limb Phenotype
To generate double-mutant mice, we crossed prx-1 het-
erozygotes to prx-2 homozygous mutant mice which are
viable and fertile (Kern et al., submitted). Compound het-
erozygotes were viable, fertile, and had normal skeletons.
Analysis of more than 200 neonatal and late-gestation
embryos derived from crosses between compound heterozy-
gotes demonstrated that the prx-1; prx-2 double mutants
survived gestation and were obtained at the expected Men-
delian ratio (data not shown). This analysis also demon-
strated that one copy of the wild-type prx-1 allele was
sufficient for normal development and postnatal survival,
since prx-1 heterozygotes on the prx-2 homozygous mutant
background were normal and fertile. All double mutants
died neonatally, most likely from respiratory failure.
prx-1 and prx-2 single-mutant mice had normal autopods
Martin et al., 1995; Kern et al., submitted). Based upon
examination of 12 prx-1 2/2; prx-2 2/2 and 9 prx-1 2/2;
prx-2 1/2 neonatal skeletons (Table 1), we found that
mutant mice had severe autopod phenotypes that differed
between forelimb and hindlimb. Eight of 12 (67%) prx-1
2/2; prx-2 2/2 forelimb autopods demonstrated postaxial
polydactyly with variable expressivity. In these mice, the
extra skeletal element ranged from a small extra, posterior
cartilaginous body that did not articulate with a carpal (3 of
8, 37%) to a more extensively formed cartilage element that
was fused to an abnormally laterally positioned triquetrum
(5 of 8, 62%) (Fig. 2E). Ten of 12 (83%) double-mutant
neonates demonstrated duplications of the phalanges of the
first digit (Figs. 2B, 2C, 2D, and 2E). In double-mutant
forelimb autopods, a laterally displaced digit 5 was observed
in 3 of 12 (25%) mice, while complete loss of posterior
digits was seen in 1 of 12 (8%) mice (Figs. 2B, 2C, and 2D).
One double-mutant mouse demonstrated syndactyly of the
proximal phalange of digits 3 and 4 (Fig. 2D). Abnormal
placement of the fifth digit resulted from an abnormal
articulation between the fifth digit and the hamate carpal
s of reproduction in any form reserved.
148 Lu et al.FIG. 1. Expression of prx-1 and prx-2 during embryogenesis. (A) Whole-mount in situ hybridization of a 10.5-dpc mouse embryo using a
prx-2 probe. Note high levels of expression in the frontonasal process (fn), the mandibular (m), and hyoid (h) arches as well as the forming
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
r149Function of paired-Related Homeobox Genes during Limb DevelopmentFIG. 2. Autopod phenotypes of prx-1;prx-2 double-mutant mice. Skeletal preparations of neonatal limbs stained for cartilage in blue and
bone in red. (A) prx-2 homozygous mutant demonstrates the wild-type forelimb phenotype. (B) The double-mutant neonate demonstrates
the duplicated first digit (black arrows) and loss of posterior digits. (C) This double-mutant handplate demonstrates duplication of the
proximal phalange and widening of the distal phalange of the first digit, as well as loss of posterior digits. (D) This double-mutant forelimb
autopod demonstrates fusion between the phalanges of digits three and four (arrowhead), as well as abnormal placement of the last digit and
abnormal morphology of the hamate (long arrow). (E) Polydactyly phenotype of the double-mutant neonate. The long arrow shows the extra
posterior cartilage element fused to a laterally displaced triquetrum. (F) prx-2 homozygous mutant demonstrates the wild-type hindlimb
phenotype. (G) A double-mutant neonate with a mild preaxial polydactyly (arrow) and a duplication of the fifth distal phalange (arrowheads).
(H) Double-mutant neonate with severe form of preaxial polydactyly showing complete duplication of the first digit (arrow).limb bud (lb). (B) Whole-mount in situ hybridization of a 10.5-dpc mouse embryo using a prx-1 probe. Expression is nearly identical to that
of prx-2. (C and D) Expression of prx-2 (C) and prx-1 (D) in the 11.5-dpc limb bud. Note high levels of expression in the anterior and posterior
egions of the forming limb. (E and F) Expression of prx-2 (E) and prx-1 (F) in the handplates of 12.5-dpc embryos. Note expression at the
distal aspect of autopod for prx-2, while prx-1 is more diffusely expressed.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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150 Lu et al.element. In all of these limbs, this reflected an abnormal
morphology of the hamate (Fig. 2D). Posterior carpal defects
were also observed in mice with the oligodactyly phenotype
TABLE 1
Genotype Forelimb
1 prx-1 2/2; prx-2 2/2 Postaxial poly 41
digit 1 dupl 21
P
2 prx-1 2/2; prx-2 2/2 Postaxial poly 21
digit 1 dupl 31
P
3 prx-1 2/2; prx-2 2/2 Postaxial poly 11
digit 1 dupl 21
P
4 prx-12/2; prx-22/2 Postaxial poly 21
digit 1 dupl 21
P
5 prx-1 2/2; prx-2 2/2 Postaxial oligo 41
digit 1 dupl 31
P
6 prx-1 2/2; prx-2 2/2 Displaced digit 5
digit 1 dupl 31
P
7 prx-1 2/2; prx-2 2/2 Displaced digit 5
digit 1 dupl 21
P
8 prx-1 2/2; prx-2 2/2 Postaxial poly 21,
31 digit 1 dupl 0
P
9 prx-1 2/2; prx-2 2/2 Postaxial poly 21,
31 digit 1 dupl 21
P
10 prx-1 2/2; prx-2 2/2 Postaxial poly 31
digit 1 dupl 21
P
11 prx-1 2/2; prx-2 2/2 Postaxial poly 31
digit 1 dupl 21
P
12 prx-1 2/2; prx-2 2/2 Postaxial poly 31
digit 1 dupl 0
P
13 prx-1 2/2; prx-2 1/2 Postaxial poly 21
digit 1 dupl 0
P
14 prx-1 2/2; prx-2 1/2 Postaxial oligo 31
digit 1 dupl 0
P
15 prx-1 2/2; prx-2 1/2 Postaxial oligo 41
digit 1 dupl 11
P
16 prx-1 2/2; prx-2 1/2 Postaxial poly 21
digit 1 dupl 0
P
17 prx-1 2/2; prx-2 1/2 Postaxial poly 21
digit 1 dupl 0
P
18 prx-1 2/2; prx-2 1/2 Postaxial poly 21
digit 1 dupl 0
P
19 prx-1 2/2; prx-2 1/2 Postaxial poly 11
digit 1 dupl 0
P
20 prx-1 2/2; prx-2 1/2 Postaxial poly 0
digit 1 dupl 0
P
21 prx-1 2/2; prx-2 1/2 Postaxial poly 0
digit 1 dupl 0
P
Note. Scoring of zeugopods was based on relative lengths of long
or preaxial and postaxial polydactyly was based on relative degree
artilage was scored as 41. If two numbers follow a phenotype, it re
as based on relative degree of duplication. Completely duplicated
f the other phalange was scored as 21.in which the hamate was truncated and the triquetrum was
deleted (Figs. 2B and 2C).
a
p
Copyright © 1999 by Academic Press. All rightDosage of the prx-2 gene affected the forelimb autopod
henotype. Examination of nine prx-1 2/2; prx-2 1/2 neona-
al skeletons demonstrated a similar spectrum of forelimb
Hindlimb Comments
al poly 21
gopod 41
al poly 31
gopod 41
al poly 41
gopod 41
al poly 11
gopod 41
al poly 21
gopod 31
F. limb: deletion (R) digit 5, (L) digit 4,5;
deletion hamate, triquetrum lunate
dysmorphology
H. limb: digit 5 distal dupl
al poly 11
gopod 21
F. limb: (R) digit 1 truncation
F. limb: syndactyly dig 3/4 hamate
dysmorphology
al poly 11; 41
gopod 41
H limb: dig 5 distal dupl F. limb: hamate
dysmorphology
al poly 21
gopod 41
al poly 21
gopod 41
al poly 21
gopod 31
al poly 21
gopod 31
al poly 21
gopod 31
F. limb: broadened digit 1
al poly 0
gopod 21
al poly 0
gopod 31
Deletion 5th digit, hamate, and triquetrum
lunate dysmorphology
al poly 0
gopod 21
F. limb: (R) del dig 4,5 hamate, triquetrum
F. limb: (L) del dig 5, hamate, triquetrum
lunate dysmorphology
al poly 0
gopod 21
Unilateral (Left) F. limb: postaxial poly
al poly 0
gopod 21
al poly 0
gopod 21
al poly 0
gopod 31
al poly 0
gopod 31
al poly 0
gopod 11
es. Most severely affected was scored as 41 and least 11. Scoring
rmation of extra cartilage element. Most completely formed extra
o differences in left and right limbs. Scoring for digit 1 duplications
ts were scored as 41. Duplication of one phalange and broadeningreaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
Zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
reaxi
zeu
bon
of foutopod phenotypes, although with less penetrance and ex-
ressivity. Four of nine (44%) prx-1 2/2; prx-2 1/2 mice had
s of reproduction in any form reserved.
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151Function of paired-Related Homeobox Genes during Limb Developmentpostaxial polydactyly that was generally less severe than that
observed in the prx-1 2/2; prx-2 2/2 mice (Table 1). Only one
f nine (11%) prx-1 2/2; prx-2 1/2 mice had duplications of
he first digit, while two of nine (22%) mice demonstrated
ligodactyly of forelimb autopods (Table 1). From this, we
onclude that the severity of the autopod phenotype increased
s the dosage of prx-2 was decreased.
All double-mutant hindlimb autopods demonstrated pre-
xial polydactyly resulting from a duplication of the first
igit (Table 1; Figs. 2F, 2G, and 2H). In addition, 2 of 12
17%) mice demonstrated duplications of the most distal
halange of the fifth digit (Fig. 2G). As in the forelimb,
xpressivity of hindlimb polydactyly was variable. The
ost severe hindlimb autopod phenotype, complete dupli-
ation of the first digit, was seen in 2 of 12 (17%) prx-1 2/2;
rx-2 2/2 skeletons (Fig. 2H). More commonly, an extra
artilaginous body that varied in size between mice was
ound between the first and second digits (Fig. 2G). Based on
he mice that had complete duplication of the first digit, the
xtra cartilage found in the other double-mutant mice most
ikely represented incomplete duplications of the first
etatarsal. As for the forelimb, the hindlimb preaxial
olydactyly phenotype was dependent upon the dosage of
he prx genes. Examination of the nine prx-1 2/2; prx-2
/2 skeletons demonstrated that none of these mice had
reaxial polydactyly (Table 1).
Hindlimb Zeugopod Phenotype of prx-1; prx-2
Double-Mutant Mice
The limb zeugopod is composed of the tibia and fibula in
the hindlimb and the radius and ulna of the forelimb. In
prx-1 mutant mice, the zeugopods were slightly shortened
nd bowed due to abnormal growth of cartilaginous precur-
ors (Martin et al., 1995). In contrast, prx-2 mutant mice
emonstrated normal limbs (Kern et al., submitted). The
indlimb zeugopods of prx-1 2/2; prx-2 1/2 and double
mutants were much more severely affected than those of
the single prx-1 mutants (Figs. 3A–3D; Table 1). Neonatal
skeletons that had been stained for cartilage and bone
clearly demonstrated the severe shortening in double-
mutant hindlimb zeugopods (Fig. 3D). Endochondral ossifi-
cation was abnormal in these limbs as demonstrated by the
small, laterally displaced ossification zone in the double-
mutant limb (Fig. 3D). The importance of dosage of prx
genes for the hindlimb zeugopod phenotype was also appar-
ent. The prx-1 2/2; prx-2 1/1 zeugopod was shorter than
wild type (Figs. 3A and 3B; Martin et al., 1995), while the
FIG. 3. Zeugopod phenotype of prx double-mutant mice. (A, B, C
prepared by staining for cartilage (blue) and bone (red). (A) prx-2 zeug
1/1 (C) prx-1 2/2; prx-2 1/2, and (D) prx-1 2/2; prx-2 2/2 have p
ones of each limb. (E, F, and G) Hindlimbs of neonatal mice w
enotypes are shown for each panel. The abnormal architecture of th
utant. h, hypertrophic chondrocytes; oz, osteogenic zone; p, prolifera
Copyright © 1999 by Academic Press. All rightzeugopod of the prx-1 2/2; prx-2 1/2 had a phenotype
intermediate between that of the prx-1 2/2; prx-2 1/1 and
double-mutant zeugopods (Figs. 3B–3D).
We performed histologic analysis to study the morphol-
ogy of the double-mutant hindlimb zeugopods in more
detail. This analysis demonstrated that the architecture of
the tibiotarsal diaphyseal growth plate was markedly abnor-
mal in the double mutant (Figs. 3E and 3G). The growth
plate is normally composed of a stereotyped columnar
arrangement of chondrocytes at various stages of differen-
tiation (Gilbert, 1994). At the most distal extreme are found
the resting chondrocytes which give rise to proliferating
chondrocytes and finally, most proximally, hypertrophic
chondrocytes, which are replaced by bone-forming osteo-
blasts (Figs. 3E and 3F). In double-mutant neonates, the
architecture of the growth plate was highly abnormal in
that little ossification had occurred, demonstrating the
defect in endochondral ossification (Fig. 3G). Proliferating
chondrocytes had lost their normal polarity parallel to the
long axis of the bone and had assumed a perpendicular
orientation (Fig. 3G). Some hypertrophying chondrocytes
were observed; however, these cells were abnormally
shifted laterally to one side of the tibia (Fig. 3G). Consistent
with this, double mutants demonstrated only a minor
degree of ossification that occurred at the periphery of the
bone (Fig. 3G). In contrast, single prx-2 and prx-1 homozy-
gous mutant limbs underwent normal endochondral ossifi-
cation (Figs. 3E and 3F).
Molecular Defects in the Limbs of prx-1; prx-2
Double-Mutant Mice
To begin to understand the molecular mechanism under-
lying the prx-1; prx-2 mutant limb phenotypes, we per-
formed in situ hybridization to study the expression of
molecular markers during limb development. The expres-
sion domain of FGF8, which normally extends throughout
the AER, was abnormally truncated at the posterior aspect
of the 10.5-dpc forelimb bud in four of five double-mutant
embryos examined (Figs. 4A–4D). The degree of AER trun-
cation in the forelimb varied between embryos, and even
between left and right forelimbs, in a single embryo, sug-
gesting that there are stochastic mechanisms which modify
the function of the prx genes in this region of the embryo.
This AER defect was never observed in the hindlimbs of
double-mutant embryos.
We examined the expression of BMP4, which is also
expressed in the AER. Whole-mount in situ hybridization
d D) Skeletal preparations of hindlimbs from neonatal mice were
s demonstrate the wild-type phenotype, while (B) prx-1 2/2; prx-2
ssively shorter limbs. The vertical lines demarcate the ossification
sectioned horizontally and stained with hematoxylin and eosin., an
opod
rogre
eree chondrocytes within the growth plate is evident in the double
tive chondrocytes; r, resting chondrocytes.
s of reproduction in any form reserved.
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ouble-mutant (B and D) limb buds at 10.5 dpc. prx-2 2/2 embryos demonstrate strong staining with FGF8; however, the double mutant
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154 Lu et al.demonstrated robust expression of BMP4 within the AER of
the fore- and hindlimb bud of wild-type mice at 11.5 dpc
(Fig. 4E). In contrast, expression of BMP4 in the double-
mutant AER was abnormal. In three double-mutant em-
bryos, we found that expression of BMP4 within the AER
was patchy and less abundant when compared to wild type
(Figs. 4E and 4F). Since expression of BMP4 was reduced in
the AER at 11.5 dpc, it was conceivable that genes which
are considered to be targets for BMP signaling would also be
downregulated in the double-mutant autopods. To test this
idea, we examined the expression of the msx-1 and msx-2
genes which have been shown to be regulated by BMP
signaling pathways (Vainio et al., 1993; Watanabe and Le
Douarin, 1996). At 12.5 dpc, expression of msx-2 was
downregulated in the posterior mesoderm of the developing
handplate of double-mutant embryos when compared to
wild-type controls (Figs. 5A and 5B). The double-mutant
handplate shown in Fig. 5A contains a group of posterior
msx-2-expressing cells that are surrounded on both sides by
nonexpressing cells. It is likely that these msx-2-expressing
cells are competent to form a digit that would be posteriorly
displaced. Expression of msx-1 was also absent in the
posterior mesoderm of double-mutant handplates (Figs. 5C
and 5D). As observed for expression of msx-2, some double-
mutant posterior mesoderm continued to express msx-1
and thus may be competent to form a laterally displaced
digit.
We examined the expression of Shh and another limb-
specific marker, Hox D11. Whole-mount in situ analysis at
two time points, 10.5 and 11.5 dpc, failed to demonstrate
any abnormality in the expression of Shh in the limbs of
seven double-mutant mice (Figs. 5E and 5F and data not
shown). Expression of HoxD11 was also unchanged in the
double-mutant limbs (data not shown). We also studied the
expression of the Shh target gene patched in 12.5-dpc
double-mutant limbs (Marigo et al., 1996). Expression of
patched in the perichondrium of digits in the double-
mutant autopod was similar to that seen in the wild-type
autopod, although the double-mutant handplate had a cleft
and a duplication of digit 5 (Figs. 5G and 5H). These data
support the idea that Shh-mediated signaling pathways are
maintained in the double-mutant autopods. Expression of
patched in the perichondrium of double-mutant zeugopods
was slightly downregulated (Fig. 5H). Finally, we examined
the expression of sox9, a marker for mesenchymal conden-
sations (Zhao et al., 1997), in the double-mutant limbs at
11.5 dpc. No difference was detected between mutant limbs
and wild-type controls supporting the idea that prx-1 and
prx-2 function to regulate limb morphogenesis after the
initial formation of condensations (Figs. 5I and 5J).
DISCUSSION
We demonstrate here that the prx-1 and prx-2 homeobox
genes are required for handplate and hindlimb zeugopod
morphogenesis. Previous work examining the expression
d
t
Copyright © 1999 by Academic Press. All rightpatterns of these genes had suggested that they would play
an important role during limb development. However,
targeted mutagenesis in mice did not support these earlier
ideas, since each mutant mouse had no, or only subtle, limb
defects (Martin et al., 1995; Kern et al., submitted). Our
studies reveal that prx-1 and prx-2 perform redundant
functions during morphogenesis of the forming limb.
prx-1 and prx-2 Are Required for Digit and Carpal
Bone Morphogenesis
The prx-1 2/2; prx-2 2/2 double mutants exhibited
multiple autopod defects including pre- and postaxial poly-
dactyly, abnormal digit placement, digit bifurcations, and
loss of elements in the forelimb. Taken together, these
phenotypes suggest that prx-1 and prx-2 cooperatively func-
tion to regulate digit morphogenesis. Morphogenesis of
carpal bones was also abnormal in the prx-1; prx-2 double
mutants. The morphology of the AER at 10.5 dpc as
visualized by FGF8 expression was abnormally truncated in
most (4 of 5) double-mutant embryos. Despite this, Shh
expression was unaffected in all seven embryos examined.
Based on this, we believe that the major defect in the
autopods of the double mutants must occur subsequent to
the laying down of patterning information.
We found that at 11.5 dpc, BMP4 expression in the
forelimb AER was downregulated when compared to wild
type. In addition, expression of both msx-1 and msx-2 was
bsent from regions of the posterior mesoderm. Thus, these
ata suggest that BMP4-mediated signaling within the
eveloping handplates of double-mutant mice has been
isrupted. The handplate phenotypes are complex, since in
ome mice we observe formation of ectopic posterior carti-
age elements, while in other mice we see loss of cartilage.
revious work has also demonstrated the complex nature of
MP functions in the developing limb. For example, over-
xpression of different members of the BMP and TGFb
family results in dramatically different phenotypes. Placing
a bead soaked in TGFb1 and TGFb2 in the interdigital
esenchyme promoted formation of ectopic cartilage,
hile BMP4 induced ectopic areas of apoptosis (Ganan et
l., 1996). Based on those experiments, a model was pro-
osed in which digit placement and morphogenesis are
ependent upon the competing activities of TGFb and
BMP4. Additionally, these and other experiments demon-
strated that the functions of BMPs vary in a temporal and
spatial fashion (Macias et al., 1997). Thus, it is clear that the
relative and competing activities of different TGFb family
embers and their inhibitors play an important role in
utopod morphogenesis.
Hindlimb preaxial polydactyly has been reported in mice
hat are heterozygous for a loss of function mutation of the
MP4 gene (Dunn et al., 1997) and in mice that are
omozygous mutant for BMP7 (Luo et al., 1995). Our data
re consistent with these findings, since prx-1; prx-2
ouble-mutant limbs also had hindlimb preaxial polydac-
yly. Additionally, loss of function of the BMP family
s of reproduction in any form reserved.
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155Function of paired-Related Homeobox Genes during Limb Developmentmember GDF5 resulted in abnormal morphology of carpal
bones, a phenotype that we also observe in the prx-1; prx-2
double-mutant limbs (Storm and Kingsley, 1996).
prx-1 and prx-2 Are Required for Morphogenesis
of the Zeugopod
prx-1 and prx-2 are coexpressed in undifferentiated mes-
enchyme prior to condensation. Double-mutant mice had
impaired endochondral ossification of the zeugopods as
demonstrated by histologic analysis in which the normal
process of chondrocyte differentiation and ossification was
disrupted. Expression of sox9, which is expressed in mes-
enchyme that has committed to the chondrogenic lineage
prior to condensation, was unaffected at early stages of
zeugopod formation in the double mutants. This suggests
that the prx genes may function in sox9-expressing mesen-
chyme to regulate the condensation process. prx-1 and prx-2
ay be required for local proliferation of mesenchyme, for
odulation of extracellular matrix that occurs when cells
ggregate, for local cell movements, or for regulation of cell
eath. Alternatively, since prx-1 and prx-2 are also ex-
pressed in perichondrium, they may function within that
tissue to regulate zeugopod morphogenesis. Long-bone mor-
phogenesis has been demonstrated to depend upon signal-
ing between the perichondrium and the developing growth
plate cartilage (Vortkamp et al., 1996; Lanske et al., 1996).
Importantly, BMP-mediated pathways have been impli-
cated in these events (Zou et al., 1997).
prx-1 and prx-2 Cooperate to Perform Multiple
Roles in Limb Morphogenesis
The phenotypes observed in prx-1; prx-2 double-mutant
ice varied between fore- and hindlimb. Autopod defects
ere much more severe in the forelimb, while the zeugopod
efects were enhanced in the hindlimbs of double-mutant
ice. The mechanism underlying these differences be-
ween fore- and hindlimbs is not based on differential
xpression of prx-1 and prx-2, since these genes have similar
xpression patterns in the two limb types. However, it is
ossible that prx-1 and prx-2 may interact with other genes
hat demonstrate limb-specific expression. One such gene,
ackfoot, is another member of the prx gene family that is
xpressed exclusively in the hindlimb (Shang et al., 1997).
ince prx homeodomains have been demonstrated to coop-
ratively heterodimerize in vitro (Wilson et al., 1993), it is
ossible that prx-1 and prx-2 may directly interact with
ackfoot to regulate the expression of genes which are
ecessary for normal development of the hindlimb zeugo-
od. Alternatively, there may be other genes that perform
edundant functions with prx-1 and prx-2 in the forelimb
eugopods.
The downstream target genes of prx-1 and prx-2 have not
et been identified. Because prx-1 and prx-2 are not ex-
ressed in the AER, the role of the prx genes in regulation of
ene expression within the AER must be non-cell-
Copyright © 1999 by Academic Press. All rightutonomous. Thus, the prx genes may regulate the expres-
ion of components of the extracellular matrix that may
lay a role in growth factor signaling. In support of this,
ecent in vitro data suggested that prx-1 may have a role in
ranscriptional regulation of the procollagen I alpha 1 gene
Hu et al., 1995). Studies are currently underway to deter-
ine if this gene is aberrantly expressed in the double-
utant mice.
Finally, although prx-1 and prx-2 have redundant roles
uring limb development, there are regions of the embryo
n which they have distinct functions. prx-1 mutant mice
ave severe craniofacial defects that are not compensated
or by the presence of prx-2 (Martin et al., 1995). Addition-
lly, prx-2 single-mutant mice have abnormal cardiac func-
ion even in the presence of normal prx-1 expression (Kern
t al., submitted). Therefore, it is likely that these other,
istinct functions provide the selective, evolutionary ad-
antage that prevents either prx-1 or prx-2 from succumb-
ng to genetic drift.
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